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ESTIMATING THE LOCATIOW OF INEXPENSIVE WIRELESS TERMINALS BY 
USING SIGNAL STRENGTH MEASUREMENTS 

Field off the Invention 

[0001] The present invention relates to telecommunications in general, and, more 
particularly, to estimating the location of a wireless terminal. 

Background off the Invention 

[0002] Figure 1 depicts a schematic diagram of wireless network 100 in the prior art, 
which comprises wireless telecommunication terminal 101 and access points 102-1 through 
102-/., interconnected as shown. Wireless terminal 101 uses access points 102-1 through 
102-/. to exchange blocks of data, or ''packets," with computer servers that are external to 
wireless network 100. At any given time, wireless terminal 101 is associated with one of 
access points 102-1 through 102-/. for the purpose of communicating with the external 
servers. 

[0003] It is important in some operating scenarios to know the location of wireless 
terminal 101 within wireless network 100. Knowledge of the location of wireless 
terminal 101 enables services that use end-user location information. Such services include 
location-aware content delivery, emergency location, services based on the notion of 
''closest resource," and location-based access control. 

[0004] Various techniques for estimating location exist in the prior art. 

[0005] In accordance with one technique, the location of a wireless terminal is 
estimated to be at the center of the coverage area served by the access point with which the 
wireless terminal is associated. This technique is advantageous in that it does not require 
that additional hardware be added to the wireless terminal or to the wireless network, and 
this means that the first technique can be inexpensively implemented in legacy systems. 
The accuracy of the first technique, however, is a function of the size of the coverage area, 
and, therefore, it is generally not acceptable for applications that require higher accuracy. 

[0006] In accordance with a second technique, the location of a wireless terminal is 
estimated by a radio navigation unit, such as a Global Positioning System receiver, that is 
incorporated into the wireless terminal. This technique is accurate to within a few meters 
and is advantageous in that it does not require that additional hardware be added to the 
telecommunication system's infrastructure. The second technique is disadvantageous, 
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however, in that it cannot be used with legacy wireless terminals that do not comprise a 
radio navigation unit and, furthermore, cannot be used reliably indoors. 

[0007] In accordance with a third technique, the location of a wireless terminal is 
estimated by triangulating the angle of arrival or the time of arrival of the signals 
transmitted by the wireless terminal to be located. Various receivers that are either part of 
or separate from the access points are part of the triangulation process. This technique is 
accurate to within a few meters and is advantageous in that it can be used with legacy 
wireless terminals. It is disadvantageous, however, in that it generally requires that 
specialized hardware be added to the wireless network, and this is very expensive. 

[0008] In accordance with a fourth technique, the location of a wireless terminal Is 
estimated by using wireless terminals to make signal measurements and to transmit those 
measurements to another device for analysis. This technique is accurate to within a few 
meters and is advantageous in that it exploits a potentially large installed base of wireless 
terminals. It is disadvantageous, however, in that it cannot be used with some legacy 
terminals. Such legacy terminals include those that do not have the ability to transmit 
signal strength measurements and those that do not have the ability to maintain a signal 
strength measurement database against which to match received signals. 

[0009] Therefore, the need exists for a technique for estimating the location of a 
wireless terminal with higher resolution than the first technique and that can be 
inexpensively implemented in legacy systems. 

Summary off the Invention 

[0010] The present invention enables the estimation of the location of a wireless 
terminal in a wireless network without some of the costs and disadvantages associated with 
techniques in the prior art. For example, some embodiments of the present invention 
operate without any modifications to the wireless terminal. Furthermore, some 
embodiments of the present invention can be deployed indoors. And still furthermore, some 
embodiments of the present invention are inexpensive and well-suited for use with wireless 
terminals and base stations that are not capable of measuring the strength of the signals 
emitted by the wireless terminals. 

[0011] In some embodiments of the present invention, a plurality of transmit-only 
devices, hereinafter called ^'emitters," transmit one or more signals for the purpose of 
providing reference signals to measure. The emitters can be small, battery-operated, easy- 
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to-situate devices that occasionally transmit a signal (representing a packet of data, for 
example). Each emitter is deployed at a known location. 

[0012] A plurality of receivers, hereinafter called ''signal monitors/' measure the 
signal strength of the signals transmitted by each of the emitters, and each signal monitor is 
able to differentiate which emitters transmitted which signals. Each signal monitor is 
deployed at a known location. 

[0013] Because the emitters and the signal monitors are deployed at known 
locations, and because the signal monitors can distinguish which signals are transmitted by 
which emitters, the collection of signal strength measurements can be used to build a 
database that correlates signal-strength measurements to location. 

[0014] When the location of a wireless terminal is desired, the signal monitors can 
measure the signal strength of the signals from that wireless terminal, and using the 
database, estimate the location of the wireless terminal based on the signal-strength 
measurements. 

[0015] Some embodiments of the present invention use both an offline process and 
an online process for location estimation. It will be clear, however, to those skilled in the 
art, after reading this specification, how to make and use the system with another process 
for location estimation. 

[0016] For example, some embodiments use an offline model-building procedure and 
then an online estimation procedure. In the offline procedure, the signal monitors provide 
the signal strength measurements to a location estimation server. For each signal monitor's 
set of signal strength measurements, the location estimation server performs a two- 
dimensional interpolation on the measurements acquired from the signal monitor to 
generate signal strength samples throughout a grid of points that corresponds to the 
wireless network. The interpolation, in some embodiments, is performed using Akima 
splines. The location estimation server then combines the samples to get signal strength 
vectors for each grid point, which results in a synthetic model. 

[0017] In the online estimation part, the location estimation server matches a 
presented signal strength vector against the synthetic model to determine the closest 
match. The closest matching grid point is identified as the location of the wireless 
terminal. 

[0018] An illustrative embodiment of the present invention comprises: a first signal 
monitor for measuring: (i) the signal strength at the first signal monitor of a first packet 
transmitted by an emitter; and (ii) the signal strength at the first signal monitor of a second 
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packet transmitted by a wireless terminal; and a processor for: (a) receiving the location of 
the emitter; and (b) determining the location of the wireless terminal based on (i), (ii), and 
the location of the emitter. 

Brief Description of the Drawings 

[0019] FIG. 1 depicts a schematic diagram of wireless network 100 in the prior art. 

[0020] FIG. 2 depicts a schematic diagram of network 200 in accordance with the 
illustrative embodiment of the present invention. 

[0021] FIG. 3 depicts a block diagram of the salient components of emitter 201-/ in 
accordance with the illustrative embodiment of the present invention. 

[0022] FIG. 4 depicts a block diagram of the salient components of signal 
monitor 202-j in accordance with the illustrative embodiment of the present invention. 

[0023] FIG. 5 depicts a block diagram of the salient components of location 
estimation server 203 in accordance with the illustrative embodiment of the present 
invention. 

[0024] FIG. 6 depicts a flowchart that summarizes the tasks performed by the 
illustrative embodiment of the present invention. 

[0025] FIG. 7 depicts a flowchart of task 601 performed in accordance with the 
illustrative embodiment of the present invention. 

[0026] FIG. 8 depicts a flowchart of task 602 performed in accordance with the 
illustrative embodiment of the present invention. 

Detaiied Description 

[0027] Figure 2 depicts a schematic diagram of network 200 that comprises the 
components of the illustrative embodiment of the present invention. Network 200 operates 
in accordance with a set of air interface protocols {e.g., IEEE 802.11, etc.) and comprises 
signal emitters 201-1 through 201-M, wherein M is a positive integer; signal monitors 202-1 
through 202-A/, wherein N \sa positive integer; location estimation server 203; wireless 
terminal 204; and access point 205, interconnected as shown. 

[0028] Signal emitter 201-/, for /=1 to M, is capable of transmitting a signal over a 
wireless medium in well-known fashion. The signal can represent packets of data that 
comprise information used for identifying emitter 201-/. Emitter 201-/ is stationary in some 
embodiments. In some embodiments, the identifying information indicates the location of 
emitter 201-/. In other embodiments, the identifying information is the medium access 
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control address of emitter 201-/. The salient details of emitter 201-/ are described below 
and with respect to Figure 3. 

[0029] Signal monitor 202-7, for j=l to N, measures (/.e., ''sniffs") signals that are 
present on the wireless medium and transmitted by various signal sources, and determines 
the received signal strength (RSS) of those signals. Signal sources include emitter 201-/ 
and wireless terminal 204. Signal monitor 202-j sends the signal strength measurements to 
location estimation server 203. In addition, in some embodiments signal monitor 202-j 
receives the identifying information transmitted by emitter 201-/ or wireless terminal 204 or 
both and sends the information to location estimation server 203. In some embodiments, 
signal monitor 202-; provides information (e.g., its coordinates, its identifier, etc.) with 
which to determine its location— either directly or indirectly— to location estimation server 
203. The salient details of signal monitor 202-7 are described below and with respect to 
Figure 4. 

[0030] Figure 2 depicts a wired interface between signal monitors 202-1 through 
202-A/ and location estimation server 203. Signal monitors 202-1 through 202-/V, however, 
can communicate with location estimation server 203 via a wired interface, the wireless 
medium, or both in well-known fashion. 

[0031] Location estimation server 203 acquires the received signal strength 
measurements from signal monitors 202-1 through 202-A/. Location estimation server 
processes the received signal strength measurements corresponding to one or more of 
emitters 201-1 through 201-M in accordance with the illustrative embodiment of the present 
invention. The salient details of location estimation server 203 are described below and 
with respect to Figure 5. 

[0032] Wireless terminal 204 is capable of transmitting packets of data over a 
wireless medium in well-known fashion. The packets of data can comprise information that 
identifies wireless terminal 204. Wireless terminal 204 comprises a transmitter for the 
purpose of transmitting the packets of data. Wireless terminal 204 can be a 
communications station, a locating device, a handheld computer, a laptop with wireless 
capability, a telephone, etc. It will be clear to those skilled in the art how to make and use 
wireless terminal 204. 

[0033] Wireless terminal 204, in some embodiments, exchanges packets with access 
point 205. Signal monitor 202-7 can measure these packets for the purpose of estimating 
location. In other embodiments, wireless terminal 204 transmits packets specifically for the 
purpose of estimating the location of wireless terminal 204. 
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[0034] Access point 205, in some embodiments, exchanges packets of data with 
wireless terminal 204 in well-known fashion. Access point 205 can be used to coordinate 
communication in network 200 and to provide wireless terminal 204 with access to networks 
that are external to network 200, in well-known fashion. In other embodiments, access 
point 205 is not present It will be clear to those skilled in the art how to make and use 
access point 205. 

[0035] Guidelines on where to place emitter 201-/ within the area served by wireless 
network 200 are described here. The area served by wireless network 200 is divided into 
sub-regions of approximately equal size such that at least seven sub-regions are within 
transmitting range of each of signal monitors 202-1 through 202-N. The seven sub-regions 
allow for reasonable smoothing, a technique that is described later. Each emitter 201-/ is 
then placed as closely as possible to the center of the corresponding sub-region. If 
smoothing is done using a generalized additive model, as is known in the art, it is beneficial 
to place emitters 201-1 through 201-Af to present a large number of distinct x and y 
coordinates of a grid that represents the area served, while keeping emitters 201-1 
through 201-M as far apart as possible. The grid mentioned here is described later. It will 
be clear to those skilled in the art, after reading this specification, that other techniques can 
be used to place emitters 201-1 through 201-Af. 

[0036] Guidelines on where to place signal monitor 202-7 are described here. In 
some embodiments, signal monitor 202-j and access point 205 are collocated. In other 
embodiments, additional signal monitors, or signal monitors not collocated with access 
point 205 are placed to ensure that signal monitors 202-1 through 202-/V are not collinear 
(or no three signal monitors are collinear) within the x-y coordinate plane mentioned 
eariier. 

[0037] Figure 3 depicts a block diagram of the salient components of emitter 201-/ in 
accordance with the illustrative embodiment of the present invention. Emitter 201-/ 
comprises transmitter 301, processor 302, and memory 303, interconnected as shown. 
Emitter 201-/ can be battery-operated or powered via an external source. 

[0038] Transmitter 301 is a circuit that is capable of transmitting packets into the 
wireless medium, in well-known fashion, from processor 302. It will be clear to those skilled 
in the art how to make and use transmitter 301. 

[0039] Processor 302 is a general-purpose processor that is capable of performing 
the tasks described below and with respect to Figures 6 and 7. It will be clear to those 
skilled in the art, after reading this specification, how to make and use processor 302. 
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[0040] Memory 303 is capable of storing programs and data used by processor 302. 
It will be clear to those skilled in the art how to make and use memory 303. 

[0041] Figure 4 depicts a block diagram of the salient components of signal 
monitor 202-j in accordance with the illustrative embodiment of the present invention. 
Signal monitor 202-j comprises receiver 401, processor 402, and memory 403, 
interconnected as shown. 

[0042] Receiver 401 is a circuit that is capable of receiving packets from the wireless 
medium, in well-known fashion, and of forwarding them to processor 402. It will be clear to 
those skilled in the art how to make and use receiver 401. 

[0043] Processor 402 is a general-purpose processor that is capable of performing 
the tasks described below and with respect to Figures 6 through 8. It will be clear to those 
skilled in the art, after reading this specification, how to make and use processor 402. 

[0044] Memory 403 is capable of storing programs and data used by processor 402. 
It will be clear to those skilled in the art how to make and use memory 403. 

[0045] Figure 5 depicts a block diagram of the salient components of location 
estimation server 203 in accordance with the illustrative embodiment of the present 
invention. Location estimation server 203 comprises network interface 501, processor 502, 
and memory 503, interconnected as shown. 

[0046] Network interface 501 is a circuit that is capable of receiving, in well-known 
fashion, received signal strength measurements and emitter identifier information from one 
or more of signal monitors 202-1 through 202-/V. In some embodiments, network 
interface 501 receives signal monitor identifier information from one or more of signal 
monitors 202-1 through 202-/V. Network interface 501 is also capable of forwarding the 
signal strength measurements and identifier information received to processor 502. It will 
be clear to those skilled in the art how to make and use network interface 501. 

[0047] Processor 502 is a general-purpose processor that is capable of performing 
the tasks described below and with respect to Figures 6 through 8. It will be clear to those 
skilled in the art, after reading this specification, how to make and use processor 502. 

[0048] Memory 503 is capable of storing programs and data used by processor 502. 
It will be clear to those skilled in the art how to make and use memory 503. 

[0049] Figure 6 depicts an overview of a location estimation technique that can be 
performed by the system of the illustrative embodiment. The technique uses an offline 
process to build a signal strength model, followed by an online process to compare a 
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presented signal strength vector against the signal strength model built. It will be clear, 
however, to those skilled in the art how to apply a different technique to the system 
described with respect to Figures 2 through 5. 

[0050] At task 601 as part of the offline process, location estimation server 203 
acquires from one or more of signal monitors 202-1 through 202-/V the received signal 
strength measurements from one or more of emitters 201-1 through 201-M. Location 
estimation server 203 also acquires the identifiers (e.g., medium access control addresses, 
location coordinates, etc.) of one or more of emitters 201-1 through 201-M and maps the 
identifiers to emitter location. Location estimation server 203 uses the acquired 
information to build— and refine, if needed— its signal strength model for location 
estimation. 

[0051] At task 602 as part of the online process, when wireless terminal 204 needs to 
be located or tracked, location estimation server 203 uses the signal strength 
measurements corresponding to wireless terminal 204, as made by signal monitors 202-1 
through 202-A/, in conjunction with the signal strength model built. 

[0052] FIG. 7 depicts a flowchart of the salient tasks that constitute task 601, 
performed in accordance with the illustrative embodiment of the present invention. It will 
be clear to those skilled in the art which tasks depicted in FIG. 7 can be performed 
simultaneously or in a different order than that depicted. 

[0053] At task 701, each of emitters 201-1 through 201-M transmits one or more 
packets over the wireless medium. Emitter 201-/ transmits the packets periodically or 
sporadically. In some embodiments, emitter 201-/ is prompted by another device (e.g., 
signal monitor 202-j, etc.) to transmit a packet. Typically, emitter 201-/ only has to 
transmit the packets occasionally (e.g., a couple of times each hour, etc.), depending on 
how fast the signal strength model needs to be verified and updated. In some 
embodiments, emitter 201-/ transmits an identifier, 

[0054] At task 702, each of signal monitors 202-1 through 202-A/ measures the 
signal strength of each packet. 

[0055] At task 703, location estimation server 203 acquires a plurality of signal 
strength measurements from each of signal monitors 202-1 through 202-A/. The location of 
each emitter 201-/ is also made available to or determined by location estimation 
server 203. For instance, location estimation server 203 can receive the coordinates of 
emitter 201-/. Alternatively, location estimation server 203 can receive the medium access 
control address of emitter 201-/ and derive emitter 201-/'s location from a lookup table. 
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[0056] In some embodiments, when signal strength measurements are missing for 
one or more signal emitters, location estimation sen/er 203 assigns signal strength 
measurement values that are pegged low (e.g., -92 dBm, etc.) to represent those emitters 
for which signal strength measurements have not been received. Pegging the emitter's 
missing reading to a low value, in essence, indicates that the point in question is far away 
from the signal monitor 202-j. 

[0057] At this point, location estimation server 203 receives a signal strength 
measurement (/.e., actual or pegged values) that is representative of each of emitters 201-1 
through 201-M from each of signal monitors 202-1 through 202-/V. Furthermore, location 
estimation server 203 has available the emitter location from which each signal strength 
measurement was transmitted. 

[0058] In some embodiments, the signal strength measurement that represents a 
particular signal source Is actually either (i) the median of or (II) the mean of more than one 
signal strength measurement made over time on multiple packets transmitted by that signal 
source. It will be clear to those skilled in the art how to determine either the median or the 
mean of more than one signal strength measurement. 

[0059] At task 704, in some embodiments, location estimation server 203 smoothes, 
in well-known fashion, each signal monitor's plurality of signal strength measurements 
received from one or more of signal monitors 202-1 through 202-yv. An example of a 
smoothing algorithm uses a generalized additive model (GAM), as Is known in the art. It 
will be clear to those skilled in the art when to apply smoothing and when not to apply 
smoothing. For example, when there are few signal emitters {i.e., the value M Is small) that 
are far apart, smoothing becomes less important. 

[0060] Location estimation server 203 then generates a synthetic model by first 
dividing the wireless network area being modeled Into grid squares of known size (e.g., 
three feet by three feet, etc.). At task 705 location estimation server 203 interpolates over 
two dimensions, for each signal monitor independently, each plurality of signal strength 
measurements, already smoothed In some embodiments, to estimate the received signal 
strength at the center of each grid square. In some embodiments, location estimation 
server 203 uses Akima splines for the Interpolation. Akima spline interpolation is a local, 
triangle-based technique, as is known in the art. The resultant synthetic model for each 
signal monitor 202-7 is a scalar array of signal strengths with an estimated signal strength 
that corresponds to each grid square. Location estimate server 203 uses the known 
locations of emitters 201-1 through 201-Af and the received signal strengths that 
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correspond to signals transmitted from those known locations to compute the model in well- 
known fashion. 

[0061] At task 706, after processing data from signal monitors 202-1 through 202-A/, 
location estimation server 203 generates a vector array by combining the scalar arrays 
formed at task 705. If scalar arrays for all of signal monitors 202-1 through 202-A/ are 
available, each vector array cell, which corresponds to grid square, has an associated 
/V-vector of signal strengths. 

[0062] Location estimation server 203 repeats tasks 701 through 706 whenever the 
model needs to be rebuilt. For instance, location estimation server 203 can rebuild the 
model when at least one of signal monitors 202-1 through 202-/V measures a signal 
strength from any of emitters 201-1 through 201-M that consistently exhibits a statistically 
significant deviation in the ongoing course of transmitting signals. It will be clear to those 
skilled in the art when to rebuild the model. 

[0063] Figure 8 depicts the salient tasks that constitute task 602, performed in 
accordance with the illustrative embodiment of the present invention. 

[0064] At task 801, signal monitor 202-j measures the signal strength of at least one 
packet transmitted by wireless terminal 204. Note that the location of the wireless terminal 
is unknown before measuring the signal strength of the packet. Furthermore, no previous 
information on the wireless terminal is available necessarily to the system of the illustrative 
embodiment. The signal strength measurement of the packet transmitted by wireless 
terminal 204, along with the signal strength measurement of the packet and the identifier 
transmitted by each emitter 201-/, is used to determine the location of wireless 
terminal 204. 

[0065] In some embodiments, the signal strength measurement that represents 
wireless terminal 204 is actually either (i) the median of or (ii) the mean of more than one 
signal strength measurement made over time on multiple packets transmitted by wireless 
terminal 204. It will be clear to those skilled in the art how to determine either the median 
or the mean of more than one signal strength measurement. 

[0066] In some embodiments, wireless terminal 204 is prompted by another device 
(e.g., access point 205, etc) to transmit a packet. 

[0067] At task 802, location estimation server 203 receives one or more signal 
strength measurements of wireless terminal 204 from at least one of signal monitors 202-1 
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through 202-/V. Location estimation server 203 combines the measurements to form a 
presented signal strength vector in well-known fashion. 

[0068] Location estimation server 203, in some embodiments, assigns a value 
pegged to a low number (e.g., -92 dBm, etc.) in place of signals not received from one or 
more signal monitors, in order to infer location. 

[0069] At task 803, location estimation server 203 matches the presented signal 
strength vector as detected by signal monitors 202-1 through 202-A/ with the synthetic 
model to locate the wireless terminal. In some embodiments, location estimation 
server 203 uses a nearest neighbor search (NNS), as is known in the art. It will be clear to 
those skilled in the art how to match a presented vector with an array of synthetic model 
vectors. 

[0070] It is to be understood that the above-described embodiments are merely 
illustrative of the present invention and that many variations of the above-described 
embodiments can be devised by those skilled in the art without departing from the scope of 
the invention. For example, in this Specification, numerous specific details are provided in 
order provide a thorough description and understanding of the illustrative embodiments of 
the present invention. Those skilled in the art will recognize, however, that the invention 
can be practiced without one or more of those details, or with other methods, materials, 
components, etc. 

[0071] Furthermore, in some instances, well-known structures, materials, or 
operations are not shown or described in detail to avoid obscuring aspects of the illustrative 
embodiments. It is understood that the various embodiments shown in the Figures are 
illustrative, and are not necessarily drawn to scale. Reference throughout the specification 
to ''one embodiment" or "an embodiment" or ''some embodiments" means that a particular 
feature, structure, material, or characteristic described in connection with the 
embodiment(s) is included in at least one embodiment of the present invention, but not 
necessarily all embodiments. Consequently, the appearances of the phrase "in one 
embodiment," "in an embodiment," or "in some embodiments" in various places throughout 
the Specification are not necessarily all referring to the same embodiment. Furthermore, 
the particular features, structures, materials, or characteristics can be combined in any 
suitable manner in one or more embodiments. It is therefore intended that such variations 
be included within the scope of the following claims and their equivalents. 
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[0072] What is claimed is: 
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